Introduction
A common structure found in all cells and theirs inner organelles is the membrane. Biological membranes act as semi-permeable barriers, allowing a selected passage of small molecules or ions. Biomembranes are constituted of a lipid matrix in which molecules such as proteins or cholesterol are embedded or attached. Lipids are amphiphilic molecules, i.e. molecules constituted of an hydrophilic polar headgroup, which is water soluble, and hydrophobic tails, which are water insoluble. The lipid matrix is formed by the non-covalent self-assembly of two lipid monolayers made of a variety of lipid types. The combination of hydrophobic and hydrophilic groups in the same molecule is a key factor for the assembly of lipids into supra-molecular aggregates, such as micelles or vesicles, the latter being the templates for the cell membranes. Due to the hydrophobic effect [1, 2] membrane lipids assemble in such a way that their hydrophobic part is excluded from a direct contact with the water environment, while the hydrophilic or polar parts are in direct contact with the water. The resulting pseudo two-dimensional system ( Fig. 1 ) is a fluid structure where the molecules may diffuse in the membrane plane, may flip-flop from one monolayer to another, or may even move out of the system.
Biological membranes are not only inert walls, but complex, organized, dynamic, and highly cooperative structures whose physical properties are important regulators of vital biological functions ranging from cytosis and nerve processes, to transport of energy and matter [3] .
To relate the biomembrane structure and dynamics to their biological function -the ultimate goal of biomembrane science-is often necessary to consider simpler systems. Lipid bilayers composed of one or two lipid species, and with embedded proteins or natural or artificial peptides, provide a model system for biological membranes. Understanding the physics of such simplified softcondensed matter systems can yield insight into biological membrane functions.
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Fig. 1. Schematic representation of a lipid bilayer
Because of the many degrees of freedom involved, the processes that take place even in model biomembranes occur over a wide range of time and length scales [4] . The typical time and length scales of the processes under investigation do pose limitations on the details of the model. Often, this necessity follows the fact that some theoretical methods are limited in their applicability by the long computational times needed to compute statistical quantities.
Molecular Dynamics (MD) simulation methods on atomistic detailed models have been used to study the structural and dynamic properties of membranes [5] , the self-assembly of phospholipids into bilayers [6] , as well as the interactions of membrane proteins or other molecules with the lipid bilayer [7] [8] [9] [10] [11] [12] . MD simulations can provide detailed informations about the phenomena that occur in biomembrane systems, although at the nanoscopic level and on a nanosecond time-scale. Many membrane processes happen though at the mesoscopic length and time scale, i.e. >1-1000 nm, ns, respectively, and involve the collective nature of the system.
An alternative modeling approach consists in neglecting most of the molecular details of the system. The resulting lattice [13, 14] , interfacial [15] , or phenomenological models [16] [17] [18] , are computationally very efficient, and can give us insight into the physical properties of reconstituted membranes [19, 20] . However, with the help of these models, it is difficult to study some structural and conformational properties of the system, which derive from some molecular details, and which results from its cooperative behavior. To overcome this difficulty, we have developed a model for lipid systems which can be seen as an intermediate between the all-atom models and the models briefly just mentioned. This mesoscopic model considers a system of "particles", or "beads", in which each "particle" represents a complex molecular component of the system whose details are not important to the process under investigation. Models with simplified interactions between the "beads" are called coarse-grain (CG) models. In Fig. 2 the chemical structure of the phospholipid dimyristoylphosphatidylcholine (DMPC) and its CG representation are shown. In the recent years, CG models have been developed to study the phase equilibria of biomembrane-like systems at the mesoscopic level, and both MD Fig. 2 . The atomistic representation of DMPC and its corresponding coarse-grained model and Monte Carlo (MC) simulation methods were used on such models [21] [22] [23] [24] [25] . In this contribution we summarize some of the results of our simulations. A more complete account can be found in [26] [27] [28] [29] [30] [31] [32] [33] [34] .
Computer Simulations Aspects

Dissipative Particle Dynamics
The simulations presented in this contribution are carried out with Dissipative Particle Dynamics (DPD) [35] . By combining several aspects of Molecular Dynamics and lattice-gas automata, DPD captures hydrodynamic time and length scales much larger than can be reached with the first method and it avoids the lattice artifacts of the latter method. One of the most attractive features of DPD is the versatility in simulating complex fluids. A DPD particle represents a "fluid package" or a cluster of atoms, that moves according to the Newton's equations of motion, interacting with other particles through a dissipative, a random, and a conservative force. By changing the conservative force between different types of particles a fluid can be made "complex". See [36, 37] for nice reviews on DPD and its applications. Recently, DPD has also been used to study the behavior of a lipid bilayer [24, 26, 38, 39] .
A DPD particle represents the center of mass of a cluster of atoms. The particles interact via a force consisting of three contributions, all of them pairwise additive. The total force on a particle i consists of a dissipation force F D , a random force F R , and a conservative force F C , and can then be written as the sum of these forces [35, 40] :
The first two forces in equation 1 are of the form:
where r ij = r i − r j and v ij = v i − v j , with r i and v i representing the position and the velocity of particle i, respectively.r ij is the unit vector, η is the friction coefficient, σ the noise amplitude, and ζ ij a random number taken from a uniform distribution, which is independent for each pair of particles. The combined effect of these two forces is a thermostat, which conserves (angular) momentum, and hence gives the correct hydrodynamics at sufficiently long time and length scales. Español and Warren [41] have shown that the equilibrium distribution of the system is the Gibbs-Boltzmann distribution if the weight functions and coefficients of the drag and the random force satisfy:
The weight function w R (r) is chosen as
where r c is the cut-off radius, which gives the extent of the interaction range. In this case, all forces assume the same functional dependence on the interparticle distance r ij as the conservative force F C ij . Español and Warren have also shown that a DPD Hamiltonian can be defined and the existence of a Hamiltonian implies that only the conservative part of the force (or better, the potential U C related to it: F C = −∇U C ), determines the equilibrium averages of the system observables. Furthermore, as shown by Willemsen et al. in [42] , this implies that DPD can be combined with Monte-Carlo (MC) methods.
Most DPD simulation use soft-repulsive interactions of the form
where the coefficient a ij > 0 is a parameter expressing the maximum repulsion strength. Alltough any form of conservative interactions can be used in a DPD simulation, these soft-repulsive interactions are often refer to as the DPD model.
Surface Tension in Lipid Bilayers
Lipid bilayers are self-assembled structures, which are not constrained by the total area, and hence will adopt a conformation that will have the lowest free energy. Since the thermodynamic definition of surface tension is the derivative of the free energy with respect to the area of the interface [43] , for a unconstrained bilayer the free energy minimum will be a tensionless state [44] . Experimental results on unilamellar vesicles have also indicated that bilayers are in a stress free state [45] . In molecular simulation, for both self-assembled and pre-assembled membranes, a fixed number of lipid molecules and a fixed area are usually combined with periodic boundary conditions. The periodic boundary conditions correspond to an infinitely large membrane, but the fixed size of the simulation box, and the fixed number of lipids at the interface, impose a constraint on the bilayer area which results in a finite surface tension. Although the constraint on the fixed area can be released by performing simulations of membranes at constant pressure or constant surface tension [46, 47] , it is an important -and still open-question which value of the surface tension should be used in simulations to reproduce the state and the area per lipid of a real membrane.
In their molecular dynamics simulations Feller and Pastor [48, 49] observed that a tensionless state did not reproduce the experimental value of the area per lipid. They explained this result by considering that, since the typical undulations and and out-of-plane fluctuations of a macroscopic membrane do not develop in a small patch of a membrane (theirs was composed of 36 lipids for monolayer), a positive surface tension (stretching) must be imposed in order to compensate for the suppressed undulations, and hence to recover the experimental values of the area per lipid. Recently, Marrink and Mark [50] investigated the system size dependence of the surface tension in membrane patches ranging from 200 to 1800 lipids, simulated for times up to 40ns. Their calculations show that, in a stressed membrane, the surface tension is size dependent, i.e. it drops if the system size is increased (at fixed area per lipid), which is in agreement with the results by Feller and Pastor. On the other hand, their results show that at zero stress simulation conditions the equilibrium does not depend on the system size. Marrink and Mark then concluded that simulations at zero surface tension correctly reproduce the experimental surface areas for a stress free membrane.
Simulations at constant surface tension have been introduced by Chiu et al. in [46] . A constant surface tension ensemble (NV γ) has been considered in literature and the corresponding equations of motion for Molecular Dynamics simulations have been derived [47] , and applied to the simulation of phospholipid bilayers [49, [51] [52] [53] [54] [55] . Alternatively, to ensure a tensionless state, Goetz and Lipowsky [21] performed several simulations to determine the area per lipid that gives a state of zero tension. An alternative approach it to combine DPD or MD with a Monte Carlo move that imposes a given value for the surface tension [26] . The advantage of these constant surface tension scheme is that one can directly observe phase transitions in which the area per lipid changes.
Consider a simulation box (see Fig. 3 ) with edges L x = L y = L parallel to the interface (xy plane), and L z = L ⊥ perpendicular to the interface (z axis), so that the system volume is V = L ⊥ L 2 and the area of the interface
We define a transformation of the box sizes which changes the area and the height but keeps the volume constant. Such a transformation can be written in the form
where λ is the parameter of the transformation. By changing λ, the above expression generates a transformation of coordinates which preserves the total volume of the system, hence no work against the external pressure is performed. In a MC move an attempt of changing the parameter λ is then accepted with a probability 
where γ is the imposed surface tension. If we choose the particular value γ = 0, then the explicit term depending on the area in equation 8 drops. The described scheme can be applied to impose any value of the surface tension.
It is important to remark that this scheme assumes that the stress tensor is diagonal, which is true for fluid systems.
Phase Behavior of Coarse-Grained Lipid Bilayers
The phase behavior of different phosphocholines (PC's) has been determined experimentally (see [56] for a review). All PC's have a low temperature L β phase (see Fig. 4 (a)). In this phase the bilayer is a gel: the chains of the phospholipids are ordered and show a tilt relative to the bilayer normal. At higher temperature the L α phase is the stable phase. This phase is the liquid crystalline state of the bilayer in which the chains are disordered and tail overlap due to this thermal disorder is possible. This phase is physiologically the most relevant [57] . Under normal conditions the two monolayers of a bilayer contact each other at the terminal methyl group of their hydrophobic chains, while their hydrophilic headgroups are in contact with water. However, it is known experimentally that at low temperatures an interdigitated state, in which the terminal methyl groups of one monolayer interpenetrate the opposing layer, is also possible. This L βI phase does not spontaneously form in bilayers of symmetrical chain phospholipids, like dipalmitoylphosphatidylcholines (DPPC), [58] but can be induced by changes in the environment, like hydrostatic pressure or changes in the pH of the solution [59] , or by incorporation, at the membrane interface of small amphiphilic molecules, like alcohols [60] [61] [62] , or anesthetics [63] . Interdigitation can also be induced by changes in the lipid structure, for example by introducing an ester-linkage in the headgroup of the phospholipids [64, 65] . An important question in the development of a mesoscopic model is how much chemical detail should be included in the model. Most likely this depend on the properties one would like to study. Here, we focus on the phase behavior and we illustrate how one can use mesoscopic models to obtain insights in how changes in the molecular structure or interactions of the lipid change its phase behavior. This insight can subsequently be used for the development of such a mesoscopic model.
Single-Tail Lipid Bilayers
Single-tail lipids are studied by several groups as models for phospholipid membranes [26] and it is an interesting question of such a simple amphiphilic molecule can describe the phase behavior of say DMPC. This question was addressed by Kranenburg et al. [27] using a model in which the lipid is represented by one head segment connected to a single tail with variable length as shown in Fig. 5 . These authors have used the soft repulsion which are often used in DPD simulations. With this model the authors studied the effect of changes in the head-head interactions, caused, by, for example, adding salt to the system, on the phase diagram.
The computed phase diagram as a function of temperature and head-head interactions for the lipid ht 9 is shown in Fig. 6 . If one would use this model to describe DMPC one would take a head-head repulsion of a hh = 35. For this value of the head-head repulsion, an interdigitated gel phase, L βI is observed at low temperatures, while at a hh = 15 the non-interdigitated L β phase is [27] . The black particles represent the head beads and the white particles the tail beads. Two consecutive beads are connected by harmonic springs with spring constant and a harmonic bond bending potential between three consecutive beads is added with a bending constant K θ = 10 and an equilibrium angle θ0 = 180
• . The soft-repulsion parameters used are aww = att = 25, a wh = 15, and awt = 80 At high values of the head-head repulsion parameters the interdigitated L βI phase is formed, while at low values the non-interdigitated L β phase is formed. Increasing temperature causes the melting of the bilayer to the Lα phase. These simulations involve a tensionless membrane of 200 lipids and the total number of particles was 3500. The overall density of the system is ρ = 3. The results are expressed in the usual reduced units, i.e. using Rc as the unit of length and kBTo = 1, with To room temperature, as unit of the energy. T * is the temperature expressed in this unit formed. The high temperature phase is the liquid or L α phase. A snapshot of the different phases is given in Fig. 7 .
Characterization of the Bilayer Phases
Before discussing this transition in detail, it is interesting to see what happens in the low and the high temperature phases. To characterize the ordering of The density profiles show that in the low temperature region, the two monolayers are interdigitated. The lipids stretch out in the direction normal to the bilayer, inducing interdigitation. This packing results in a larger average distance between the lipids headgroups in each monolayer and in a larger area. In this region an increase of temperature reduces the values of the order parameter, but along the chain the order persists. Thus interdigitation is still present, but is decreasing in depth, resulting in an increase of the bilayer thickness and a decrease of the area per lipid. Above the transition temperature, the chains loose the persisting order and are not interdigitated. Only the terminal tail beads overlap, due to thermal disorder. In this temperature region an increase in temperature increases the effective volume occupied by the molecules, but the extent of tail overlap does not depend significantly of temperature. As a result the area per molecule increases while the bilayer thickness decreases.
Determination of the Phase Boundaries
Three quantities have been used to distinguish among the different phases: the area per lipid A L , the extent of tail overlap D overlap , and the ordering of the tails S tail . Figure 8(a) shows the area per lipid A L , as function of temperature and head-head repulsion parameter. For repulsion parameters a hh ≤ 18, the low temperature phase is the bilayer gel L β phase, while for repulsion parameters a hh > 18, the low temperature phase is the interdigitated gel L βI .
By increasing temperature all bilayers melt from an ordered into a disordered phase. For bilayers in the L β phase, the area per molecule and chain The curves in Fig. 8(c) show that the transition from an ordered phase to a disordered one is very gradual. Much larger systems might be required to observe a sharp transition in these quasi two-dimensional systems. This gradual transition makes it difficult to determine the exact location of the phase boundaries and therefore we used the inflection point as our definition of the phase boundary. The temperature at which the chains get disordered is the same as the temperature of the inflection point in A L and D overlap . We define as the main transition temperature T m the value of temperature at the inflection point of the shown curves. T m is higher for bilayers in the L β phase than for bilayers in the L βI phase. This is in agreement with experimental results [59] .
Phase Behavior as a Function of Tail Length
Besides investigating the effect of changing the head-head repulsion parameter, it is also interesting to vary the tail length of the lipid. A similar analysis, as was presented for the lipid ht 9 , has been carried out for lipid types ht 6 , ht 7 , and ht 8 (see Fig. 9 ).
Depending on the repulsion parameter we obtain two gel phases L βI and L β for all tail lengths. For high head-head repulsion the system can gain energy by adding water particles in between the heads. As a result the distance between the head groups increases and the interdigitated phase is stabilized. For low values of a hh the headgroups expel water and the stable phase is the non-interdigitated phase. In between we find a * hh for which the transition from L βI to L β occurs. The difference between the two phases is that in the L βI phase the tail ends are in direct contact with water, whereas in the L β phase the tail ends face each other. Therefore, the critical value a * hh to induce interdigitation is higher than the value of a wh .
As we increase the tail length the gel phases are stabilized and the transition shifts to higher temperatures. The effect of increasing the head-head repulsion on the gel to liquid crystalline transition temperature is much more pronounced for the L β → L α compared to L βI → L α . This can be understood from the fact that in the interdigitated phase the average distance between the heads is already much larger compared to the non-interdigitated phase, and a further increase in this distance does not have a dramatic effect on the stability of the gel phase.
For lipids ht 8 and ht 9 the L βI phase occurs at slightly lower repulsion parameters than for lipids ht 6 and ht 7 . This is consistent with experimental results [66] . Since the interdigitated phase is more closely packed than the noninterdigitated phase, the van der Waals energy is greater. This energy gain is proportional to the number of carbon atoms in the phospholipid chain and thus interdigitation becomes energetically more favorable for longer chains. Also in our simulations we observe that the interdigitated phase is more compact and hence a * hh decreases slightly with increasing tail length. It is interesting to compare these results with the experimental data. Misquitta and Caffrey in [67] systematically investigate the phase diagrams of monoacylglycerols, a single-tail lipid, and show a similar tail length dependence for the L β → L α transition. Interestingly, as we will show later, for a similar model of a double-tail lipid we do not observe the spontaneous formation of an interdigitated phase. This corresponds to the experimental observation that for the most common double-tail lipids the interdigitated phase does not form spontaneously, but should be induced by the addition of, for example, alcohol [58] .
Double-Tail Lipid Bilayers
In the previous section we have discussed the phase behavior of single-tail lipid bilayers. In this section we extend the model and investigate the phase behavior of a double-tail lipid with three head-beads and two tails of five beads each (h 3 (t 5 ) 2 ). The computed phase diagram is shown in Fig. 10 . No interdigitation was found for the chosen values of the repulsion parameter between the headgroups. Also, an increase of a hh up to 55 does not lead to any interdigitation (data not shown). This result is consistent with the experimentally observed structure of symmetric PC's bilayers, for which no spontaneous interdigitation is found. The snapshots in Fig. 11(c) shows a typical configuration of the system in the various phases.
At very low temperatures the system is in the L β gel phase, which is characterized by having ordered chains, hence a high value of the bilayer thickness and of the tail order parameter. While single-tail lipids are not tilted in the gel phase, for the double-tail lipid we observe that the lipid chains are tilted with respect to the bilayer normal. We find a tilt angle of 25
• , which is slightly lower than the value of ≈ 32
• measured experimentally for DMPC lipid bilayers [68] . A typical configuration at this temperature can be see in the snapshot in Fig. 11(a) . Between the L α and the L β phases, when the temperature is increased above T * =0.35, we observed a third phase. This phase, which disappears again as the temperature reaches the main-transition temperature, is characterized by having striated regions made of lipids in the gel-state intercalated by regions made of lipids in the fluid-state. This modulated structure can be seen in the snapshot in Fig. 11(b) . This phase resembles the P β , or ripple-phase. The ripple-phase occurs in phospholipid bilayers at the so-called pre-transition temperature, and is characterized by a rippling of the bilayer, with a wave length of the order of 150Å [69] .
It is interesting to make a more quantitative comparison of our coursegrained model with a real phospholipid. The double-tail lipid h 3 (t 5 ) 2 can be mapped onto DMPC, if a coarse-grained representation is used in which one DPD bead has a volume of 90Å. 3 The unit of length is derived, from the volume of one DPD bead, and is equal to R c = 6.4633Å. To relate the temperatures in our model to real temperatures, we use the the main-and pre-transition temperatures for a pure DMPC phospholipid bilayer (≈24
• C and ≈14
• C [56] of the main-and pre-transition temperatures, respectively). The values of the bilayer hydrophobic thickness and the area per lipid obtained from our simulations can now be compared with the corresponding experimental values for fully hydrated DMPC bilayers, as shown in Table 1 The values from simulations are in good quantitative agreement with the experimental data, although some deviations from the experimental values are observed for the area per lipid at high temperature (65 • C), and for the bilayer hydrophobic thickness in the gel phase (10 • C). The larger thickness, compared with the experimental value, found in our simulations in the gel phase, could be due to the smaller tilt angle shown by the coarse grained lipids compared to the DMPC lipids.
Perturbations of the Membrane Structure
In the previous section we have shown that one can obtain a very reasonable description of the phase behavior of a phospholipid membrane. Here we show that this model can be used to study the effect of adding alcohol or a transmembrane peptide on the structure of a membrane.
Effect of Alcohol
Small molecules such as alcohols or anesthesia can adsorb inside a membrane and this adsorption may induce changes in the structure of the membrane which can have an influence on the functioning of the membrane [58] . To study the effect of these molecules on the properties studies on various model membranes have been carried out by various groups [66, [71] [72] [73] [74] [75] [76] . These studies show that at low temperatures adding alcohol leads the formation of an interdigitated or L βI phase in stead of the commonly formed L c or L β (gel phases).
The structure of the interdigitated phase as been studied in detail and based on the available experimental data Adachi et al. [62] proposed the model shown in Fig. 12 , in which the alcohol molecules fill the space and prevent the hydrophobic tails of the lipids to be exposed to water. This model nicely explains the experimentally observed density profiles and provides a simple molecular explanation why the alcohol molecules stabilize the interdigitated phase. This model also suggests that the optimal alcohol to lipid ratio in the membrane is 2:1. Therefore, measuring this ratio in a membrane would be an important conformation of this model. However, experimentally it is very difficult to measure the concentration of alcohol in the membrane directly. Most studies use theoretical models to relate the alcohol concentration in the water phase to the alcohol concentration in the membrane. Since the validity of these models has not been tested, it is not yet clear whether the 2:1 ratio can indeed be confirmed experimentally.
The model of the alcohols consists of one hydrophilic head bead an a tail that varies in length from one to three hydrophobic beads. In the coarsegraining procedure the alcohols methanol through pentanol correspond with the coarse-grained models ht and ht 2 and hexanol and heptanol correspond with the model ht 3 . The bond-bending potential with k θ = 6 and θ = 180
• was also applied between three consecutive beads of the these alcohols. Figure 13 shows the effect of alcohols with different tail lengths on the phase behavior of a membrane. At zero alcohol concentration we nicely recover the experimentally observed phases. At low temperatures we observe the L c phase, in which the tails are order and tilted. If we increase the temperature the tails lose their order in the L β phase, and at even higher temperatures the tails also loose their tilt in the fluid or L α phase.
At low concentrations of alcohol, the molecules are homogeneously distributed in the L β or L c phase. At high alcohol concentrations we find the L βI , in which the lipid tails do not have a tilt with respect to the bilayer normal. The tails of the lipids of one monolayer are fully interpenetrated into the opposing layer and the tail ends are facing the tail end of the alcohol. In between these two extremes we find that there is coexistence between the interdigitated and non-interdigitated phase. The alcohols are inhomogeneously distributed in the bilayer and mainly located in the interdigitated part of the bilayer.
At lower temperatures the concentration of alcohol required to obtain the fully interdigitated phase increases, which is in agreement with the experimental observations of Nambi et al. [72] . Our simulations also report the so-called "biphasic effect" on the transition from the low temperature gel phase to the high temperature fluid phase [71] ; at low concentrations of alcohol, the main transition temperature shifts to a lower temperature, while at high concentrations this transition temperature shifts to a higher temperature compared to a pure lipid bilayer. Figure 13 shows that the increase or decrease in temperature are directly related to the effect of the alcohol on the stability of the low temperature phases [66] . The L β , phase is destabilized by alcohol, while the L βI can easily incorporate alcohol molecules.
The phase diagrams also show the effects of changes of the length of the alcohol. We observe little influence on the L βI → L α transition. However, we do observe a difference in the stability of the L βI phase as a function of the concentration of alcohol; the shorter the alcohol, the more stable L βI phase.
An important issue is the concentration of alcohol in the bilayer. The critical bulk concentration at which interdigitation is complete decreases with increasing length of the alcohol [71, 75, 77] . Various theories have been used to relate the bulk concentration of alcohol to the concentration in the lipid. At present there is little consensus in the literature whether this procedure yields a reliable estimate of the alcohol concentration in the bilayer [78] [79] [80] [81] [82] . In our simulations we can compute the number of alcohols in the bilayer directly.
Comparison of the phase diagrams ( Fig. 13 ) for three different alcohols shows that if we increase the length of the alcohol more alcohol molecules are needed to destabilize the L c and L β phases. The L βI requires a higher concentration of the longer chain alcohols to be stable, which agrees nicely with experimental results [77] .
Adachi et al. [62] proposed a model of the structure of the bilayer in which the terminal methyl group of the alcohol faces a terminal methyl group of a lipid chain (see Fig. 12 ). The assumption is based on the experimental observation that the membrane thickness increases by about 0.08 nm per one methylene unit in either the alcohol molecules or the phospholipids [62, 83] . This distance of 0.1 nm is the length of one CH 2 -unit in the stretched chain of an alkane [84] . Furthermore, Adachi et al. [62] show that two alcohol molecules can occupy a volume surrounded by the PC head groups of one layer. From this it follows that the number of alcohol molecules should be twice as high as the number of lipids in the bilayer independent of the length of the alcohol. This conclusion clearly differs with the results of our simulations which do indicate that the stability of the interdigitated phase depends on the length of the alcohol.
We observe that the fully interdigitated phase occurs at much lower number of alcohols than twice the number of lipids in the lipid bilayer. This can be explained by taking into account an energy balance between the noninterdigitated and interdigitated phase. By the incorporation of alcohols at the membrane interface, voids are created in the hydrophobic core, which are energetically unfavorable. The more alcohol, the higher the energy of the membrane. In the interdigitated phase the tail ends of the lipid are in contact with the interfacial water. Adding alcohol reduces these energetically unfavorable interactions and hence increasing the alcohol concentration decreases the energy of the membrane. Clearly at the 2 : 1 ratio, the energy of the interdigitated phase will be lowest, but at much lower alcohol concentrations the energy can already be lower compared to the L β phase. To use this model quantitatively, one would need to take entropy effects into account as well, but this model does rationalize why we observe in our simulations already an interdigitated phase at much lower alcohol concentrations.
Bilayers with Transmembrane Proteins
The hydrophobic matching between the lipid bilayer hydrophobic thickness and the hydrophobic length of integral membrane proteins has been proposed as a generic physical principle on which the lipid-protein interaction in biomembranes is based [14, 20, [85] [86] [87] [88] . The energy cost of exposing polar moieties, from either hydrocarbon chains or protein residues, is so high that the hydrophobic part of the lipid bilayer should match the hydrophobic domain of membrane proteins. The results from a number of investigations have indeed pointed out the relevance of the hydrophobic matching in relation to the lipid-protein interactions, hence to membrane organization and biological function.
In this work we study the perturbation caused by a transmembrane peptide on the surrounding lipids, its possible dependence on hydrophobic mismatch, protein size, and on temperature. We have investigated whether and to which extent -due to hydrophobic mismatch and via the cooperative nature of the system -a protein may prefer to tilt (with respect to the normal to the bilayer plane), rather than to induce a bilayer deformation without (or even with) tilting.
The systems that we have simulated are made of model lipids having three headgroup beads and two tails of five beads each; this corresponds to the case of acyl chains with fourteen carbon atoms, namely to a model for a dimyristoylphosphatidylcholine (DMPC) phospholipid, as illustrated in in Fig. 14(a) .
Within the model formulation, a peptide is considered as a rod-like object, with no appreciable internal flexibility, and characterized by a hydrophobic length d P . The model for the transmembrane peptide is built by connecting n tP hydrophobic beads into a chain, to which ends n h headgroup-like beads are attached. N P of these amphiphatic chains are linked together into a bundle. In each model protein, all the N P chains are linked to the neighboring ones by springs, to form a relatively rigid body. We have considered three typical model-protein sizes, two of them referring to a "skinny" peptide-like molecule, and the third type to a "fat" protein. These model proteins consist of N P = 4, 7, or 43 chains linked together in a bundle. The bundle of N P = 7 chains is formed by a central chain surrounded by a single layer of six other chains. The N P = 43 bundle is made of three layers arranged concentrically around a central chain, and containing each six, twelve, and twenty four amphiphatic One of the quantities that can be measured experimentally is the tilt of the peptide. The peptide tilt angle with respect to the bilayer normal as function of ∆d and peptide size N P is shown in Fig. 15 . The snapshots on the right show typical configurations of the system, for a fixed value of the peptide hydrophobic length, for the three peptide sizes, N P = 4, 7, and 43, and for the largest (positive) value of mismatch, ∆d = 26Å, at the considered temperature, T * = 0.7. For ∆d < 0 the tilt angle is very small, and is within the statistical tilt-fluctuations to which the peptide is subject in the bilayer; as the peptide hydrophobic length increases (and the mismatch becomes positive), the peptide undergoes a significant tilting. Also, for equal values of hydrophobic mismatch, the "thinner" peptide (N P = 4) is much more tilted than the "fatter" one (N P = 43). These results, combined with the one discussed above, suggest that in the case of peptides with small surface area, the main mechanism to compensate for a large hydrophobic mismatch is the tilt, while in the case of peptides with a large surface area, that cannot accommodate a too large tilt, the mismatch is mainly compensated for by an increase of the bilayer thickness around the peptide, as is clearly illustrated by the snapshot in Fig. 15 (N P = 43) .
The occurrence of peptide/protein tilting has also been confirmed experimentally. In fact, the results from very recent experimental investigations by solid state NMR spectroscopy [89] show that α-helical model peptides -of fixed hydrophobic length and with a hydrophobic leucine-alanine core, and tryptophan flanked ends -experience tilt when embedded in phospholipid bilayers of varying hydrophobic thickness (such that d P ≥ d o L , i.e. ∆d > 0). It was found that the tilt angle increases by systematically increasing hydrophobic mismatch; however, the tilt dependence on hydrophobic mismatch was not as pronounced as one would have expected, given the degree of mismatch. This result brought the authors to conclude that the tilt of these peptides is ener- getically unfavorable, and to suggest that the (anchoring) effects by specific residues such as tryptophans are more dominant than mismatch effect. A large tilt is instead experienced by the M13 coat peptide peptide when embedded in phospholipid bilayer of varying hydrophobic thickness [90] . For values of mismatch of the same order of the one experienced by the synthetic peptides just mentioned [89] , the degree of tilting experienced by M13 peptide is much higher. Our simulation data indicate a dependence of the peptide-tilt angle on mismatch in agreement with the experimental data just discussed. Incidentally, the results from our simulations suggest that, when a skinny peptide (N p = 4) is subjected to a large positive mismatch (d P > d o L ), it might bendbesides to experience a tilt -as can be seen by looking at the snapshot shown on the top-right of Fig. 15 . Also, as soon as the positive mismatch decreases, the bending disappears, although the peptide still tends to remain tilted.
Concluding Remarks
In this contribution we have shown that a simple, mesoscopic, representation of a phospholipid can give a surprisingly realistic description of the phase behavior of biological membranes. The simulations showed that different stable phases are obtained for a wide range of temperatures. We characterized the low temperature phase as a gel phase, and we reproduced the main order/disorder phase transition from a gel to a liquid crystalline phase.
We also demonstrate that this model can be used to study the effect of alcohol on the structure of the membrane. Our model nicely reproduces the experimental phase diagram and the alcohol length dependence of the thickness of the interdigitated phase. Our simulations show that the interdigitated phase is stable at much lower alcohol concentrations in the membrane than suggested in the literature. This points at an alternative interpretation of the structure of the interdigitated phase.
This model has also been extended to lipid bilayers containing just one lipid species and an embedded protein. For which we have investigated the effect due to mismatch and protein size on the perturbation induced by the protein on the surrounding lipid bilayer.
